Context: Regular monitoring of serum IGF-I levels during growth hormone (GH) therapy has been recommended, for assessing treatment compliance and safety. Objective: To investigate serum IGF-I SDS levels during GH treatment in children with GH deficiency, and to identify potential determinants of these levels. Design, patients and methods: This observational cohort study included all patients (n = 308) with childhood-onset non-acquired or acquired GH deficiency (GHD) included in the database of a single academic pediatric care center over a period of 10 years for whom at least one serum IGF-I SDS determination during GH treatment was available. These determinations had to have been carried out centrally, with the same immunoradiometric assay. Serum IGF-I SDS levels were determined as a function of sex, age and pubertal stage, according to our published normative data. Results: Over a median of 4.0 (2-5.8) years of GH treatment per patient, 995 serum IGF-I SDS determinations were recorded. In addition to BMI SDS, height SDS and GH dose (P < 0.01), etiological group (P < 0.01) had a significant effect on serum IGF-I SDS levels, with patients suffering from acquired GHD having higher serum IGF-I SDS levels than those with non-acquired GHD, whereas sex, age, pubertal stage, treatment duration, hormonal status (isolated GHD (IGHD) vs multiple pituitary hormone deficiency (MPHD)) and initial severity of GHD, had no effect. Conclusions: These original findings have important clinical implications for long-term management and highlight the need for careful and appropriate monitoring of serum IGF-I SDS and GH dose, particularly in patients with acquired GHD, to prevent the unnecessary impact of potential comorbid conditions.
Introduction
The regular monitoring of serum IGF-I levels during growth hormone (GH) therapy, to ensure that these levels remain within the normal range for age and sex, has been recommended, to assess treatment compliance and safety, in terms of the potential long-term risk of cancer (1, 2, 3, 4) . However, there are limitations to the use of this approach and care is required in the standardization of results as a function of age and sex, because various factors may affect interpretation of the measurement. Indeed, serum IGF-I concentrations are influenced not only by age and sex, but also by pubertal status and nutritional factors, and by chronic conditions, such as those associated with nutritional and inflammatory problems (5) . Normative values are also assay-dependent (6, 7) . We previously developed a model formula for calculating s.d. scores as a function of age (for children aged six years or over), sex and pubertal stage for a particular assay used in our institution. We also demonstrated the impact of BMI SDS and height SDS on the interpretation of these measurements (8) .
The determination of IGF-I and its standardization present their own difficulties, and studies on IGF-I SDS during the treatment of children with GH deficiency are therefore scarce (9, 10, 11, 12, 13, 14, 15, 16) . Most studies to date have concerned small series of patients and many did not involve the systematic evaluation of serum IGF-I levels with the same assay, or evaluated the relationship between GH dose, serum IGF-I SDS and growth responses mostly during the first two years of GH treatment, resulting in a lack of relationship (9, 10, 12, 13, 15) or only an apparently poor (14, 17) relationship being identified between these two factors, probably due to the high degree of individual variability in IGF-I concentration and growth responsiveness and the narrow range of GH doses used in children with GH deficiency. At higher doses of GH, corresponding to about twice the usual dose, the dose-dependent change in IGF-I SDS concentration has been shown to be related to the prepubertal (11) and pubertal (17) gain in height SDS. However, none of the studies performed to date investigated the effect of GHD etiology as a factor potentially explaining the variability of serum IGF-I SDS. We hypothesized that variables related to GH deficiency, including the heterogeneous nature of the disease, would probably make a significant contribution to the determinism of serum IGF-I SDS during GH treatment.
We therefore investigated the serum IGF-I SDS recorded during monitoring while on GH treatment, in a large cohort of children with GH deficiency, and tried to identify factors that might account for serum IGF-I SDS.
Subjects and methods

Patients
This observational cohort study included all patients with childhood-onset GHD identified in the database of the Pediatric Endocrinology Department of Robert Debré Hospital in Paris who had been followed up in our department between 2004 and 2013. The inclusion criteria for the study were treatment with GH during this period (this period was chosen because serum IGF-I levels were determined with the same assay throughout), and at least one serum IGF-I determination performed at our central laboratory during GH treatment, in patients with a chronological age of at least six years (because our normative data for IGF-I SDS determinations begin at the age of six years). The exclusion criteria were patients for whom serum IGF-I concentration had not been determined in our laboratory (n = 31), with other known chronic diseases (n = 26), with no brain MRI performed during the initial investigation or follow-up (n = 3), or with a lack of compliance with GH treatment in the opinion of the pediatrician at the outpatient clinic or declared by the parents and/or the child (n = 4). In total, 308 patients with childhood-onset GHD meeting the inclusion criteria were included in the study (Fig. 1 , flow chart).
The characteristics of the participants (n = 308) and non-participants (n = 64) at the time of GHD diagnosis are shown in the table in the Supplementary data (see section on supplementary data given at the end of this article). The study population was slightly younger at diagnosis, but otherwise representative of the entire population treated for GHD during childhood, as shown by the sex distribution, the severity of GHD as assessed on the basis of height, height deficit with respect to target height at diagnosis (target height SDS minus height SDS), GH peak at diagnosis, whether GHD was isolated or associated with MPHD and the etiology of GHD (non-acquired vs acquired GHD). Flow chart of the study.
The study population consisted of two subgroups: 267 (87%) patients with non-acquired GHD and 41 (13%) patients with acquired GHD. The clinical characteristics of the patients at the time of GHD diagnosis, before GH treatment and at the last evaluation on treatment, as a function of MRI findings in cases of non-acquired GHD and of the cause of acquired GHD, are indicated (Tables 1 and  2 ). For patients with non-acquired GHD, those with ectopic neurohypophysis (n = 62) were younger, had a significantly greater height deficit with respect to target height, and a lower serum IGF-I SDS and GH peak in pharmacological tests at diagnosis. They also had a higher frequency of MPHD (as opposed to IGHD) than those with isolated anterior pituitary hypoplasia (n = 44) or with normal MRI findings (n = 161). For those with acquired GHD, patients with craniopharyngioma (n = 12) had a more severe pituitary deficiency, as attested by serum IGF-I SDS and GH peak levels and the presence of MPHD, than those with a history of other tumors of the hypothalamo-pituitary area (n = 12) (optic nerve glioma, astrocytoma, Rathke's cleft cysts and rhabdomyosarcoma of the sphenoidal sinus) or those with a history of brain radiotherapy (n = 13) or infiltrative disease with diabetes insipidus (n = 4).
The patients received additional replacement therapy, including l-thyroxine, hydrocortisone, sex steroid therapy and/or desamino-d-arginine-vasopressin (DDAVP), if deficiencies in thyroid-stimulating hormone (TSH, n = 56), adrenocorticotropic hormone (ACTH, n = 34), or gonadotropin (Follicle-Stimulating Hormone (FSH) and LH, n = 34; n = 20 boys, n = 14 girls), and/or central diabetes insipidus (n = 20), were diagnosed (MPHD, n = 76 patients diagnosed either at the initial evaluation (n = 61) or during follow-up (n = 15)).
As expected, height SDS increased, resulting in a significant decrease in height deficit with respect to target height SDS, from a baseline of 2.1 (1.4; 2.6) and 0.9 (0.5; 1.5) SDS to 0.6 (−0.2; 1.4) and 0.3 (−0.6; 1.3) SDS at the last evaluation, for patients with non-acquired and acquired GHD respectively.
Study protocol
Clinical data for the patients were obtained from their medical records, on standardized data collection forms completed retrospectively at the time of GHD diagnosis and at each evaluation, with the results of serum IGF-I SDS determination. The following were recorded at GHD diagnosis, before the initiation of treatment: sex; height of the parents, etiology of GHD, brain MRI findings. Age, height, weight, pubertal status and the presence of associated anterior pituitary deficiencies (MPHD) were assessed and recorded at diagnosis and during follow-up.
Patients received a daily subcutaneous injection of open-label hGH at a median (25-75th percentiles) initial dose of 36 (33-40) µg/kg/day, corresponding to the standard dose used in France during the study period. The dose was adjusted according to a balance between weight on a GH dose between 20 and 35 µg/kg/day, height outcome and target IGF-I SDS levels between −2 and +2 SDS. For safety reasons, if IGF-I levels reach an SDS of more than 2.5 for chronological age, sex and pubertal stage relative to reference values, at two consecutive measurements, guidelines recommend decreasing the dose by 10%.
Patients underwent a physical examination at baseline and at subsequent visits, which took place at intervals of about six months. Height, weight and pubertal status were assessed. Serum IGF-I concentration was determined at sixto 12-month intervals, at the discretion of the investigator, but not all determinations were performed at our central laboratory. Given the considerable heterogeneity in testing methods, we retained only centrally determined serum IGF-I SDS values for the analysis.
The study protocol was approved by the Paris Nord Ethics Review Committee for Biomedical Research Projects (CEERB) (No. 12-029).
Methods
Childhood-onset GHD was diagnosed on the basis of a GH peak of less than 20 IU/L in two pharmacological tests, one of which was the insulin tolerance test (insulin, 0.1 IU per kilogram body weight given intravenously as a bolus) in most patients ( Table 2 ). The highest value for the two tests was considered for the analysis. Sex steroid priming was used before GH stimulation tests in prepubertal boys over the age of 11 years and prepubertal girls over the age of 10 years, to improve diagnostic specificity and to prevent inappropriate GH treatment in children with constitutional delays of growth and puberty.
As previously described (18) , a complete evaluation of other anterior pituitary functions was carried out in all patients at diagnosis and was repeated during follow-up if deemed necessary, based on clinical examination and serum free T4 and morning cortisol determinations. TSH deficiency was diagnosed as a plasma T4 concentration below 10 pmol/L and/or abnormal TSH stimulation after Thyrotropin-Releasing Hormone (TRH) administration (normal values for TSH were 0.5-6, 14 ± 7, and <8 U/L for basal, peak, and 120 min post-TRH administration levels IGHD, isolated growth hormone deficiency; MPHD, multiple pituitary hormone deficiency respectively). ACTH deficiency was diagnosed as a morning basal plasma cortisol concentration below 165 nmol/L and a plasma cortisol concentration below 415 nmol/L during insulin-induced hypoglycemia. We did not systematically evaluate corticotropin reserves if morning cortisol concentration exceeded 275 nmol/L. Evaluations of the pituitary-gonadal axis were mostly clinical. Patients were considered to have no deficiency if spontaneous pubertal development occurred. Gonadotropin deficiency was suspected in patients showing no pubertal development at a normal pubertal age, as assessed by the determination of plasma sex steroid levels and FSH and LH levels after Gonadotropin-Releasing Hormone tests or after the induction of puberty. Central Diabetes Insipidus was defined on the basis of abnormal thirst (polydipsia/adipsia) with hypernatremia (≥146 mmol/L) associated with an inappropriately low urine osmolality (<300 mosmol/kg). MPHD was defined as GHD associated with abnormal levels of at least one of the other anterior pituitary hormones.
MRI was initially carried out either at the time of GHD diagnosis or shortly after the initiation of hGH treatment. The anterior pituitary was considered to be hypoplastic if its height was below −2 SDS for age (19) . We also checked for the presence of an ectopic posterior pituitary hyperintense signal on MRI.
Height and BMI (weight/(height) 2 in kg/m 2 ) are expressed as SDS (20, 21) . Pubertal development was assessed by determining Tanner stage. Target height SDS was calculated from mid-parental height (22) .
Serum IGF-I concentrations were measured by immunoradiometry (IGF-I RIACT, Cisbio Bioassays, Gif sur Yvette, France). The interassay coefficient of variation was <9% and the limit of detection was 9 ng/mL. Serum concentrations are expressed as s.d. scores for age, sex and pubertal stage, according to our normative data (8) .
Statistical analysis
Data are expressed as medians (25th-75th percentiles) for continuous variables or numbers (percentage) for categorical variables. For comparisons of the characteristics of different groups of patients, we used the twotailed Wilcoxon test for quantitative variables and the Chi-squared test for categorical variables. There was no adjudication for missing data. A linear mixed model for repeated measures was used to investigate the association between serum IGF-I SDS levels and other parameters, such as sex, age, pubertal status, height SDS, BMI SDS, GH dose, duration of GH treatment per six-month period, etiological group (two categories: non-acquired vs acquired GHD), hormonal status (IGHD vs MPHD), the severity of GH deficiency based on the highest GH peak for the two pharmacological tests. For the multivariate linear mixed model, we entered all independent variables correlated with serum IGF1-SDS at the P < 0.20 level in univariate analysis. We then examined the effects of potential mediators by adjusting this model for sex and GH dose, and investigated the collinearity of all variables in the multivariate analysis. Finally, interactions between etiological group and BMI SDS, between etiological group and height SDS and between BMI SDS and hormonal status (IGHD vs MPHD) were also investigated.
Statistical significance was defined as P < 0.05. The analyses were conducted with SAS software (version 9.4, SAS Institute Inc., Cary, North Carolina, USA).
Results
In total, 995 centrally determined serum IGF-I SDS values obtained during GH treatment were analyzed, with a median of 3.0 (2.0; 4.5) measurements per patient during a median follow-up of 4.0 (2.0; 5.8) years.
Median serum IGF-I SDS levels increased significantly during the first six months of treatment (P < 0.0001), remaining stable thereafter, with no median difference between years, for the entire group (Fig. 2) . Individual serum IGF-I SDS values are shown as a function of treatment duration and age in Fig. 3A and B respectively. Individual patient data did not depend on patient age or treatment duration, and serum IGF-I SDS values were in the normal range for most patients, with wide individual 
Factors associated with serum IGF-I SDS during GH treatment
Univariate linear mixed model analysis revealed significant independent associations between individual serum IGF-I SDS during GH treatment and height SDS, BMI SDS and etiological group (P < 0.01). No collinearity between variables was observed in the multivariate model. The multivariate model revealed that, throughout the study period and in addition to the effect of BMI SDS and height SDS (P < 0.01), etiological group remained significantly associated with serum IGF-I SDS levels (P < 0.01), with patients suffering from acquired GHD having a higher serum IGF-I SDS during treatment than those with nonacquired GHD. Moreover, a positive association between GH dose and serum IGF-I SDS level (P < 0.01) was identified in the adjusted multivariate model (Table 3) . Similar results were obtained for analyses of the raw data for serum IGF-I concentration (serum IGF-I concentration in ng/mL after logarithmic transformation due to the non-Gaussian Table 3 Bi-and multivariate linear mixed models analyzing serum IGF-I SDS levels during GH treatment in children with GHD.
Model 1 (bivariate analysis)
Model 2 (multivariate analysis)*n = 965 distribution of the data) (Supplementary data). The only interaction identified was between etiological group and BMI SDS (P < 0.01), suggesting a higher impact of BMI SDS on serum IGF-I SDS in patients with non-acquired GHD than in those with acquired GHD. We plotted individual serum IGF-I SDS values on GH treatment for patients from the two etiological groups (non-acquired vs acquired GHD) as a function of age throughout the study period (Fig. 4) . Patients with acquired GHD had significantly higher IGF-I SDS levels than those with non-acquired GHD. As expected, the proportion of patients with at least one serum IGF-I level above 2.5 SDS during GH treatment was higher for the acquired GHD group than for the nonacquired GHD group (n = 17/41, 41% vs n = 39/267, 15%). However, the proportions of patients with at least one serum IGF-I level below −2 SDS were similar in the two etiological groups (n = 5/41, 12% vs n = 30/267, 11%).
No difference in serum IGF-I SDS values was found between the three subgroups of patients with acquired GHD or the three subgroups of patients with non-acquired GHD (data not shown). Sex, age, pubertal stage, duration of GH treatment, hormonal status (IGHF vs MPHD) and initial severity of GHD, as assessed by GH peak in pharmacological tests at diagnosis, had no significant effect on serum IGF-I SDS levels (Table 3) .
Discussion
This large observational cohort study provided extensive data for the assessment of serum IGF-I SDS, with a standardized assay, during long-term GH treatment, in a well-characterized cohort of children with GH deficiency treated at a single center. One of the key findings of this study was the first ever demonstration of an interesting association between serum IGF-I SDS during GH treatment and GH etiology, with serum IGF-I SDS significantly higher in patients with acquired GHD than in those with non-acquired GHD. In addition, serum IGF-I SDS during treatment was also found to be positively correlated with BMI SDS, height SDS and GH dose.
Consistent with our previous findings based on brain MRI imaging for the categorization of GHD severity at the time of diagnosis, before GH treatment (18) , median serum IGF-I SDS at diagnosis was related to disease severity in the various etiological groups of patients with non-acquired GHD. With the exception of patients with craniopharyngioma, values were higher for patients with acquired GHD than for those with nonacquired GHD. The patients with acquired GHD were also taller and had a higher BMI SDS at diagnosis than those with non-acquired GHD. Serum IGF-I SDS increased after treatment initiation in all groups, but, consistent with other reports (10, 14, 23) , was found to be independent of treatment duration, with median values remaining stable from six months after the start of treatment until the final evaluation, although most reports, with the exception of three studies concerning patients with a treatment duration of three to five years (15, 16, 17) , described findings for the first one to two years of treatment only (9, 10, 11, 12, 13, 14) .
Unlike previous studies in children (11, 14) and adults (24) showing an association between serum IGF-I SDS and sex and a weak association between serum IGF-I SDS and age (14), we also clearly demonstrated that sex, age, duration of treatment, pubertal stage, hormonal status (IGHF vs MPHD) and initial severity of GHD, as assessed by GH peak in a pharmacological test, had no effect on serum IGF-I SDS during GH treatment.
To date, only a few studies have assessed the value of serum IGF-I SDS monitoring for exploring the variability of serum IGF-I SDS during GH treatment in children with GH deficiency (9, 10, 11, 12, 13, 14, 15, 17) . Previous studies have reported considerable individual biological variation of serum IGF-I SDS, as also found in this study, for all ages and treatment durations. There are several possible explanations for this variation of serum IGF-I SDS. Our findings are consistent with serum IGF-I SDS acting as a surrogate marker for individual adherence to treatment, as some patients with GHD had detectable serum IGF-I SDS values in the lower part of the reference range or even lower, potentially reflecting low levels of adherence to treatment. Contrary to previous reports of a significant decrease in adherence to treatment over time in children (25, 26, 27, 28, 29) and adult (30) patients with GH deficiency, we observed no increase in the proportion of low serum IGF-I SDS values with age or treatment duration, and low serum IGF-I SDS values in our study were similarly distributed over different ages and treatment durations. However, it should be borne in mind that it is difficult to determine whether an individual low serum IGF-I SDS is due to poor adherence, low sensitivity to GH treatment or other factors, such as impaired nutritional status at the time of evaluation, and whether serum IGF-I values within the normal 2 SDS range reflect adequate administration for only a few days before the evaluation, as has been shown for patients with chronic disease, who improve their compliance behavior in the last few days before the appointment with their physician (31) .
The higher serum IGF-I SDS values obtained for children with acquired GH deficiency than for those with non-acquired GH deficiency may result partly from insulin resistance. This finding is consistent with those of previous studies on long-term survivors of childhood cancer reporting a higher frequency of metabolic syndrome in this population, particularly after central nervous system tumors, acute lymphocytic leukemia, bone marrow transplantation, and related to hormonal deficiencies, drug or radiotherapy damage, endothelial impairment, physical inactivity and adipose dysfunction (32) . We speculate that the higher IGF-I SDS values during GH therapy in patients with acquired GH deficiency may reflect differences in insulin levels and visceral adiposity. However, although most of these patients clearly had a BMI SDS in the upper part of the normal range, the biological significance of serum IGF-I SDS levels in these patients remains unclear, and the mechanisms underlying these higher levels remain to be elucidated.
One of the major strengths of this study is that it included a large number of patients, all diagnosed with GHD and belonging to a well-characterized population from a single pediatric clinical center. Furthermore, for each patient, serum IGF-I determinations carried out with the same assay, at a single laboratory, were included. However, this study also had several inherent limitations, due to the observational nature of retrospective data collection. Despite the inclusion of all children with GHD seen during the studied period, the median number of serum determinations per patient was small, and we were therefore unable to gain any further insight into the potential associations between growth and IGF-I SDS levels or changes in these associations (23) . Oral estrogen replacement attenuates the serum IGF-I SDS response to GH, whereas transdermal estrogen replacement does not (33, 34) . Nevertheless, the effects of exogenous estrogen were not considered in our explanatory model, due to the small number of patients receiving oral estrogen (n = 8 and n = 15 of the patients with non-acquired and acquired GHD respectively), and this may have affected the findings. However, the comprehensive data collection in this study made it possible to estimate several important explanatory variables simultaneously and to use all observations in the estimation process.
In conclusion, this study provides important new insight into the relationship between serum IGF-I SDS and etiological group, which appears to be highly predictive of serum IGF-I SDS levels for all durations of GH treatment in children with GH deficiency. Further clinical studies are required to determine the precise mechanism by which etiological group affects serum IGF-I SDS, but these original findings have important clinical implications for long-term management and highlight the need for careful and appropriate monitoring of serum IGF-I SDS, particularly in patients with acquired GH deficiency, to prevent the unnecessary impact of potential comorbid conditions in these patients, although, to the best of our knowledge, target IGF-I SDS levels were not established so as to optimize the balance between potential risks and adult height gain.
Further studies are required to explore the associations between growth and IGF-I SDS levels, through regular, serial, longitudinal measurements of growth and serum IGF-I concentration. We hope that a combination of several parameters readily accessible in clinical practice will facilitate the follow-up and management of growth hormone treatment in patients with GH deficiency and improve the efficacy and safety of this therapy. 
